Hepatitis C virus (HCV), a member of the Flaviviridae family, is a single-stranded positive-sense RNA virus that infects >170 million people worldwide and causes acute and chronic hepatitis, cirrhosis, and hepatocellular carcinoma. Despite its ability to block the innate host response in infected hepatocyte cell lines in vitro, HCV induces a strong type 1 interferon (IFN) response in the infected liver. The source of IFN in vivo and how it is induced are currently undefined. Here we report that HCV-infected cells trigger a robust IFN response in plasmacytoid dendritic cells (pDCs) by a mechanism that requires active viral replication, direct cell-cell contact, and Toll-like receptor 7 signaling, and we show that the activated pDC supernatant inhibits HCV infection in an IFN receptor-dependent manner. Importantly, the same events are triggered by HCV subgenomic replicon cells but not by free virus particles, suggesting the existence of a novel cell-cell RNA transfer process whereby HCV-infected cells can activate pDCs to produce IFN without infecting them. These results may explain how HCV induces IFN production in the liver, and they reveal a heretofore unsuspected aspect of the innate host response to viruses that can subvert the classical sensing machinery in the cells they infect, and do not infect or directly activate pDCs.
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innate immune response | TLR7 | Toll-like receptor | hepatocyte H epatitis C virus (HCV), a member of the Flaviviridae family, is a single-stranded positive-sense RNA virus that causes acute and chronic hepatitis, cirrhosis, and hepatocellular carcinoma (1) . Type 1 interferons (IFNα/β) play critical roles in the defense against virus infection. The HCV NS3/4A protease strongly inhibits type 1 IFN induction in infected cells by cleaving a key intermediate in the double-stranded RNA (dsRNA) signaling pathway (2) (3) (4) . Nonetheless, HCV strongly induces IFN-stimulated gene (ISG) expression in the infected liver (5-7). The discrepancy between these observations suggests that type 1 IFNs may be produced by liver cells other than infected hepatocytes. Plasmacytoid dendritic cells (pDCs) are a highly specialized subset of dendritic cells that produce type 1 IFNs in response to microbial stimuli (8, 9) and are abundant in the HCV-infected liver (10) . Although HCV has been reported to suppress pDC numbers and function (11) (12) (13) , their role in the control of HCV infection has not been examined. Here we show that pDCs produce large amounts of type 1 IFN via Toll-like receptor 7 (TLR7) signaling that is induced by direct cell-to-cell contact with HCV-infected cells. Importantly, these events require viral RNA replication but not virion formation in the stimulator cells. These results could explain how IFN is produced during natural HCV infection, and they reveal a host response mechanism to HCV and possibly other viruses that do not infect or directly activate pDCs.
Results

Robust IFN Production by Cocultivation of pDCs with HCV-Infected
Cells. We asked whether highly purified human peripheral bloodderived pDCs (Fig. S1A) produce IFNα in response to HCVinfected cells. As shown in Fig. 1A , pDCs produced >15 ng/mL of IFNα after 24 h of coculture with Huh7.5.1c2 cells (14) that were infected by HCV JFH1/D183 virus (D183) (15) , comparable to their response to ODN2216, a potent Toll-like receptor 9 (TLR9) agonist (16) . In contrast, highly concentrated, gradient-purified D183 virus could not induce pDC IFNα secretion (<12.5 pg/mL), even at a multiplicity of infection (MOI) of 50 infectious virus particles (∼50,000 HCV RNA-positive particles per pDC) for 24 h at 37°C (Fig. 1A) . Monocyte-derived macrophages and dendritic cells did not produce IFNα or IFNβ in response to infected cells ( Fig. S1B Left and Middle), although both produced IL-6 in response to lipopolysaccharide and poly-IC (Fig. S1B Right) . The amount of secreted IFNα depended on the number of HCV-infected cells and pDCs (Fig. S1C) . Total, but not pDC-depleted, peripheral blood lymphomononuclear cells (PBMCs) produced IFNα when cocultured with D183-infected Huh7.5.1c2 cells (Fig. 1B) , indicating that pDCs are the source of IFNα in the PBMC population. Importantly, D183-infected Huh7 and Huh7.5.1 cells also induced IFNα (Fig.  1C ) and IFNβ production (Fig. S1D) by pDCs, as did Huh7.5.1c2 cells infected by JFH1/D18 (D18) virus (15) and by chimeric HCV strains (17) based on JFH1 (Fig. 1D and Fig. S1E ).
Kinetics of pDC IFN Induction and Establishment of an Antiviral State.
The IFN-inducing ability of the HCV-infected Huh7.5.1c2 cells correlated directly with their HCV RNA content ( Fig. 2A Left and  Fig. S2A ), and it was suppressed in parallel with the reduction of HCV RNA by the specific HCV NS3/4A serine protease inhibitor BILN2061 ( Fig. 2A Right) . Because phagocytosis of virus-infected apoptotic cells induces the maturation of conventional DCs (18, 19) , we determined whether type 1 IFN production was induced by apoptotic Huh7.5.1c2 cells. As shown in Fig. S2B , no apparent cytopathic effect could be detected by TUNEL assay in D183-infected cells up to day 3 postinoculation, when virtually all of the cells were HCV-positive and could strongly trigger pDC IFN production ( Fig. 2A) . In addition, their IFN-inducing activity was abolished by radiation-induced apoptosis (Fig. S2C) and by freeze-thaw-induced lysis (Fig. S2D) . These results indicate that production of the activating signal and/or the signal transfer process requires viable cells and is not induced by phagocytosis of dying cells. IFNα secretion by pDCs was rapid, starting between 4 and 12 h of coculture and increasing in a time-dependent manner with kinetics similar to ODN2216 stimulation (Fig. 2B) . Accordingly, ISGs (MxA, ISG15, and ISG56) were induced at the mRNA (Fig. 2C ) and protein level (Fig. S2E) , suggesting establishment of an antiviral state. Importantly, supernatant from the activated pDCs prevented HCV infection as efficiently as 100 U/mL of recombinant IFNα, and its antiviral effect was neutralized by anti-IFNα/β receptor antibody (Fig. 2D) .
IFN Is Produced Only by pDCs in Cocultures.
To determine which of the cocultured cell populations produce type 1 IFN, we compared the IFNα and IFNβ mRNA content of mixed pDC-Huh7.5.1c2 cocultures with the corresponding pDC-enriched and pDCdepleted subpopulations (Fig. 3A) . In addition, we monitored intracellular IFNα protein content by FACS analysis of the cocultured cells using pDC-specific and IFNα-specific antibodies (Fig. 3B ). IFNα and IFNβ mRNA were detected in the mixed-cell and the pDC-enriched populations but not in the pDC-depleted fraction (Fig. 3A) . Similarly, intracellular IFNα protein was only detected in the pDC-gated fraction present in the mixed-cell cultures (Fig. 3B) . Collectively, these results indicate that the IFNs were produced exclusively by the pDCs. Interestingly, only a minor subset (≈10%) of pDCs was activated by the infected Huh7.5.1c2 cells (Fig. 3B Lower Right) . Whether this reflects differential IFN responsiveness of pDC subsets or differences in the magnitude or kinetics of the IFN response that the pDCs produce remains to be determined. Next, we examined the mechanism whereby HCV-infected cells trigger pDC IFNα production. Importantly, IFNα production was completely abrogated when pDCs and HCV-infected cells were separated in a transwell plate, indicating that direct cell-to-cell contact is required for pDC IFNα production (Fig. 4A) . Neutralizing anti-IFNα/β receptor antibody partially inhibited pDC IFNα production (Fig. 4A) , implying that an IFN-mediated autoamplification loop enhances IFN production in this system, either by autocrine or paracrine mechanisms or by prolonging pDC survival ( Fig. S3A and SI Discussion). HCV envelope glycoproteins (E1/ E2) mediate viral attachment to cellular receptors. However, neutralizing anti-HCV E2 antibody (20) did not inhibit pDC IFNα production, indicating that receptor-mediated entry of HCV into pDCs is not required (Fig. 4A) . Importantly, Huh7.5.1c2 cells that stably or transiently replicate JFH1 subgenomic replicons (SGR) that do not produce virus particles also triggered robust pDC IFNα ) were treated or not with 10 μg/mL anti-IFNα/β receptor antibody (IFNα/β R Ab) (1 h), followed by incubation (2 h) with recombinant IFNα (100 U/mL), control media, or supernatants that were harvested 24 h after coculture of pDCs and D183-infected (3 days) Huh7.5.1c2 cells (inf sup). Then cells were inoculated with D183 virus at an MOI of 0.1. After 48 h, levels of intracellular HCV RNA were monitored by RT-qPCR. Results are displayed as the percentage of HCV RNA in the media control in the absence of anti-IFNα/β receptor antibody. n = 3, mean values ± SD (A-C); n = 2, mean values± AVEDEV (D). Inf, infected. production ( Fig. 4B) , indicating that pDC IFN production can occur in the absence of viral structural proteins and virion production. In contrast, Huh7.5.1c2 cells transfected with a replicationdefective (GND-mutant) replicon (Fig. 4B) , GND-mutant genomic JFH1 RNA, or negative-strand JFH1 RNA (Fig. S3B) did not induce IFNα, even though they contained comparable levels of totalinput HCV RNA as determined by reverse-transcription real-time quantitative PCR (RT-qPCR) ( Fig. 4B and Fig. S3B) .
To examine the nature of the viral RNA present in these cells, we repeated the transfection experiments and performed northern blot analysis to detect the HCV RNA species present in the Huh7.5.1c2 cells at the start and end of the coculture period (i.e., 24 and 40 h after transfection). As shown in Fig. S3C , full-length genomic HCV RNA was only detected in Huh7.5.1c2 cells that had been transiently or stably transfected with wild-type replicationcompetent JFH RNA or infected with D183 virus, and only those cells triggered pDC IFNα production. In contrast, full-length genomic HCV RNA was not detected in cells transfected with the replication-deficient (i.e., GND-mutant or negative-strand) HCV RNA when coculture was initiated, even though they contained similar amounts of total HCV RNA by qPCR ( Fig. 4B and Fig.  S3B ). Moreover, the total amount of HCV RNA in these cells decreased during the coculture interval (Fig. S3C) . These results suggest that pDC IFNα production requires active viral replication in the stimulator cells, either as a mechanism to induce pDC IFNα production or to provide a sufficient amount of the appropriate HCV RNA species needed for triggering pDC IFNα production.
pDCs are known to produce IFN if they are infected by RNA or DNA viruses via TLR7 or TLR9 activation, respectively (21) . In the current experiments, the pDCs were activated by HCV RNAproducing cells, not by free HCV particles, raising the possibility of cell-cell transfer of HCV RNA to pDCs and activation of the TLR7-mediated pathway. As shown in Fig. 4C, IRS661 , a specific inhibitor of TLR7-mediated signaling (22, 23) , inhibited pDC IFNα production induced by both HCV-infected cells and the TLR7 agonist resiquimod but not by the TLR9 agonist ODN2216, indicating that HCV-infected cells trigger pDC IFN production via TLR7. This was supported by the ability of inhibitors of endosomal TLR signaling to abrogate IFNα production (Fig. S3D Upper) without commensurate suppression of HCV RNA (Fig.  S3D Lower) . Interestingly, pDCs transfected with in vitro synthesized genomic HCV RNA but not total cellular Huh7 RNA produced IFNα in a TLR7-dependent manner (Fig. 4D) , indicating that HCV RNA can trigger IFNα production if it is delivered directly into the pDCs. Importantly, HCV negative-strand RNA was not detected in the wild-type HCV RNA-transfected pDCs (Fig. S4A) , and pDCs still produced IFNα when transfected with wild-type HCV RNA in the presence of BILN2016 or the viral polymerase inhibitor 2-methyladenosine or when transfected with the GND-mutant genomic HCV RNA (Fig. S4B) . Furthermore, transfected genomic HCV RNA of positive and negative polarity triggered pDC IFNα production (Fig. S4C) . Together, these results indicate that IFN production was not triggered by HCV RNA replication in the pDCs. Consistent with the results of the transwell experiment (Fig.  4A) , confocal microscopic analysis of cocultured D183-infected Huh7.5.1c2 cells and pDCs revealed very close physical association of the two cell types (Fig. 4E Bottom) with TLR7 restricted to the pDC population (Fig. 4E, green) and HCV NS3 protein and F-actin restricted to Huh7.5.1c2 cells (Fig. 4E , red in left and right panels, respectively). Consistent with the FACS results (Fig. 3B) , only some of the attached pDCs contained detectable amounts of IFNα under these conditions (Fig. 4E , yellow in right panels). Collectively, these results and the results shown in Fig. 2A strongly suggest that HCV RNA is transferred from infected cells to pDCs in which it triggers IFNα production by activating TLR7.
IFN-Inducing Ability Is Not Restricted to HCV-Replicating Cells. Extending the generality of this cell-cell activation process, Huh7.5.1c2 cells that replicate a noncytopathic, subgenomic Venezuelan equine encephalitis virus (VEE) replicon (24) also triggered pDC IFNα production (Fig. 5A ) in a TLR7-dependent manner (Fig. 5B) . However, pDCs were not activated by Borna disease virus (BDV) -infected Huh7.5.1c2 cells, even though they contained similar levels of viral RNA as the HCV replicon cells (Fig. 5A) . These results indicate that this mechanism is triggered by some but not all RNA virus-infected cells.
pDCs Isolated from HCV-Infected Patients Sense HCV-Infected Cells and Produce IFN. pDCs from HCV-infected patients have been reported to be functionally impaired (11, 13) . Thus, we asked whether pDCs isolated from HCV-infected patients produce IFN in response to D183-infected Huh7.5.1c2 cells. As shown in Fig.  S5 , pDCs from three different HCV-infected patients produced IFNα at levels that were comparable with pDCs from the 40 healthy donors we analyzed over the course of this study. These results indicate that the ability of pDCs from HCV-infected patients to produce IFN after cocultivation with HCV-infected cells is not impaired.
Discussion
The present study demonstrates that pDCs produce large quantities of type 1 IFN by direct sensing of HCV-infected cells via a TLR7-mediated pathway. Importantly, active HCV RNA replication is required for this process but virus-particle assembly and free virus particles are not. This mechanism appears to be different from that of other viruses, such as respiratory syncytial virus, influenza virus, and HIV, that trigger pDC IFNα production either by direct infection or virus stimulation (22, 23, (25) (26) (27) . Although pDC sensing of HCV-infected cells apparently only occurs if those cells are replicating the viral RNA, the pDCs can produce IFN if they are directly transfected by genomic HCV RNA of positive or negative polarity. Thus, a host-cell mechanism must exist that can transfer HCV RNA from infected cells into pDCs. This mechanism is not limited to HCV, however, because pDC IFNα production can also be triggered by cells that replicate a noncytopathic subgenomic VEE replicon. Additional experiments designed to determine the RNA transfer mechanism and to detect the ability of yet other viruses to induce pDC IFN production are clearly warranted.
Although the polyuridine region in the 3′ UTR of HCV has been shown to act as a pathogen-associated molecular pattern (PAMP) (28) and TLR7 recognizes uridine-rich sequences (29) , a polyuridine stretch is not an absolute requirement for pDC IFN production in our system because the VEE subgenomic replicon does not contain a polyuridine region. More experiments will be needed to determine the specific PAMP motif(s) recognized by this pDC sensing mechanism.
Only a subset of pDCs produce type 1 IFN in response to HCV-infected cells under the conditions of our experiments. This could reflect the existence of pDC subsets that are either responsive or refractory to the signal transferred from the HCV RNA-replicating cells or to the time required for the signal to be transferred to the pDCs, especially if the pDCs do not all form an active conjugate with HCV-infected cells at the same time.
Interestingly, the mechanism is restricted to interactions between human hepatocytes and human pDCs because D183-infected Huh7.5.1c2 cells did not trigger IFN production by murine pDCs (Fig. S6) , and neither immortalized mouse hepatocytes nor human HeLa or HEK293 cells bearing JFH1 subgenomic replicons triggered IFNα production by human pDCs despite their abundant HCV RNA content (Table S1) . It also appears to require highly differentiated hepatocytes because, despite many attempts, human hepatoblastoma-derived HepG2 cells that replicate the JFH1 subgenomic replicon did not trigger pDC IFNα production, even though their HCV RNA content was similar to the H77c RNA content of the Huh7 cells harboring a genotype 1a (H77c) replicon that triggered pDC IFNα production (Table S1 ). Because HepG2 hepatoblastoma cells are relatively less well differentiated than Huh7 hepatoma cells (30, 31) , the transfer of HCV RNA into pDCs could require cellular factors that are restricted to welldifferentiated human hepatocytes that actively replicate HCV RNA. Because pDCs are prevalent in the HCV-infected liver (10) and pDCs from HCV-infected patients respond normally to HCVinfected cells (Fig. S5) , pDC-hepatocyte interactions such as those described herein could occur during natural HCV infection, reflecting a novel aspect of hepatic immunity.
For the host to combat viruses such as HCV that do not induce IFN production by the cells they infect and do not directly infect or stimulate pDCs, it must possess other mechanisms to induce type 1 IFN during those infections. The current observations suggest that sensing of viral replication in infected cells apparently represents an alternative option for pDCs to respond to viruses such as HCV. The current observations also help resolve a puzzling contradiction in which the ability of HCV to induce type 1 IFN and ISGs in the infected liver (5-7) coexists with its remarkable ability to block dsRNA signaling in infected cells (2) (3) (4) . The host apparently avoids this viral evasion strategy via the ability of uninfected pDCs to sense and be activated by the infected cells. Despite this remarkable defense mechanism, however, the host only rarely defeats HCV infection, suggesting that additional viral evasion mechanisms remain to be discovered.
Materials and Methods
Cells, Replicons, and Viruses. Huh7, Huh7.5.1, and Huh7.5.1c2 cells derived from Huh7.5.1 cells with improved infection efficiency were described previously (14, 32) . Full-length genomic JFH1 RNA and wild-type or replicationdefective subgenomic JFH1 replicons were previously described (32, 33) . To produce in vitro transcribed JFH1 negative-strand RNA, an oligonucleotide duplex encoding the T3 promoter was inserted into XbaI and SbfI in pUCvJFH1, yielding pUC-vJFH1-T3. pUC-vJFH1-T3 was linearized with EcoRI, and the linearized DNA was purified and used as a template for T3-driven in vitro transcription (MEGAscript; Ambion). Transfection of in vitro synthesized JFH1 RNA constructs and establishment of replicon cells were performed as previously described (34) . Huh7 cells bearing the H77c subgenomic replicon (35) were provided by Dr. Stanley M. Lemon (University of Texas Medical Branch, Galveston, TX). HepG2 (36), HeLa (37) , and HEK293 (37) cells bearing the JFH1 subgenomic replicon were provided by Dr. Takaji Wakita (National Institute of Infectious Diseases, Tokyo, Japan). Mouse MMH1-1 cells, provided by Dr. Marco Tripodi (Università La Sapienza, Rome, Italy), bearing the JFH1 subgenomic replicon were generated de novo as previously described (38) . All these replicon cells were maintained in the presence of 500 μg/mL G418. A plasmid containing a subgenomic VEE replicon (5′VEErep/S/GFP/Pac), provided by Dr. Ilya Frolov (University of Texas Medical Branch, Galveston, TX) via Dr. Charles M. Rice (Rockefeller University, New York, NY), and the generation of in vitro synthesized VEE replicon RNA were previously described (24) . To establish Huh7.5.1c2 cells that stably replicate this VEE subgenomic replicon, in vitro synthesized VEE replicon RNA was transfected into Huh7.5.1c2 cells as described above for the JFH1 replicon (34) . GFPpositive cells were selected and maintained in the presence of 10 μg/mL puromycin. BDV (He80) was provided by Dr. Juan Carlos de la Torre (The Scripps Research Institute, La Jolla, CA). Huh7.5.1c2 cells were infected with BDV at an MOI of 1 and cocultured with pDCs after 5 days of infection. JFH1/ D18 virus (D18) and JFH1/D183 virus (D183), a wild-type and a cell cultureadapted JFH1 strain, respectively, were described previously (15) . Jc1, Con1/ JFH1, and H77/JFH1 infectious chimeric HCV constructs were described previously (17) . In brief, the JFH1 core NS2 region was replaced with the corresponding sequences from J6CF, Con1, and H77. All infectious chimeric viruses were produced by transfection of the respective in vitro synthesized genomic HCV RNA into Huh7.5.1 cells, and virus stocks containing 10 4 -10 5 focus-forming units/mL were prepared as described previously (32) .
Reagents. ODN2216 and resiquimod were purchased from InvivoGen and Novartis, respectively. TLR7-specific antagonist IRS661 (5′-TGCTTGCAAGCT-TGCAAGCA-3′) and control ODN (5′-TCCTGCAGGTTAAGT-3′) were synthesized on a phosphorothionate backbone by MWG Biotech. DOTAP Liposomal Transfection Reagent was purchased from Roche Applied Science and used according to the manufacturer's instructions. Other reagents are described in SI Materials and Methods.
Preparation of pDCs. pDCs were isolated from 450 mL of blood from 40 healthy adult human volunteers after informed consent was obtained according to procedures approved by the Scripps Research Institute Human Research Committee. Three chronically HCV-infected patients whose sera were anti-HCV antibody-and HCV RNA-positive were also studied. In those cases, pDCs were isolated from 100 mL of blood. PBMCs were isolated using Ficoll-Hypaque density centrifugation, and pDCs were positively selected from PBMCs using BDCA-4 magnetic beads (Miltenyi Biotec) according to the manufacturer's instructions. The typical yields of PBMCs and pDCs were 500 × 10 6 and 2 × 10 6 cells, respectively. The purity of pDCs was >95% as assessed by FACS staining (CD123 + , BDCA-2 + ). Isolated pDCs were cultured in RPMI medium 1640
(Mediatech) supplemented with 10% fetal calf serum (GIBCO), 10 mM Hepes, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine, nonessential amino acids, and 1 mM sodium pyruvate. Unless otherwise indicated, 2 × 10 4 pDCs were placed in 96-well round-bottom plates with a final volume of 200 μL/well for further experiment.
Coculture Experiment. Huh7, Huh7.5.1, or Huh7.5.1c2 cells were infected or not with the indicated HCV strain at an MOI of 0.1 unless otherwise indicated, and cultured for the indicated periods of time at which point they were washed with PBS, trypsinized, and resuspended in RPMI medium 1640 (Mediatech). Unless otherwise indicated, 2 × 10 5 HCV-infected or uninfected cells were placed in 96-well round-bottom plates in a 37°C/5% CO 2 incubator for coculture experiments. In some experiments, 2 × 10 5 indicated stable replicon cells bearing JFH1, H77c, or VEE subgenomic replicon or BDVinfected Huh7.5.1c2 cells were cocultured with pDCs in the same way. At the indicated time points, supernatants were collected and stored at -80°C for ELISA, and cells were lysed in TRIzol (Invitrogen) for RNA analysis. To separate pDCs from Huh7.5.1c2 cells in the mixed-cell coculture, cells were harvested after 14 h of coculture using Versene (GIBCO), and pDCs were enriched as described above. After two rounds of positive selection, pDCenriched and pDC-depleted fractions were subjected to RT-qPCR analysis.
ELISA. Cytokine levels in the cell-culture supernatant were measured using commercially available ELISA kits for human IFNα, human IFNβ, murine IFNα (PBL), and human IL-6 (R&D Systems), following the manufacturers' instructions. Materials and methods for the preparation of highly purified virus, flow cytometry, cell viability analysis, TUNEL assay, preparation of MoMacrophage, MoDC, and murine pDCs, RNA analysis, western and northern blotting, and immunofluorescence are provided in SI Materials and Methods.
